Multicomponent adsorption equilibrium data are essential for the reliable design of processes and equipment for gas separation by adsorption. We discuss techniques for the measurement and analysis of multicomponent adsorption equilibrium data, and present a comprehensive set of equilibrium data for the adsorption of oxygen and nitrogen on 5A-zeolite.
Introduction
Bulk gas separation by Pressure Swing Adsorption (PSA) (including Vacuum Swing Adsorption (VSA» has been practiced commercially for over 30 years and now represents a major unit operation in the chemical industryl,2. Oxygen production from air is one of its major applications 1 • Commercial PSA/VSA oxygen generators range in size from personal units for home medical use, producing a few liters/min, to multi-train industrial units providing 120 tons/day of contained oxygen.
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PSA/VSA technology is an active area of research with the continuing introduction of new adsorbents and new process cycles. At the present time it is not feasible to design new systems based entirely on numerical simulation results. Simulators are used extensively, however, for screening cycles and adsorbents and for scalingup experimental data. Hartzog and Sircar 3 have shown that the accuracy of simulator results depends heavily upon the accuracy of the multicomponent equilibrium data input, especially when stringent product specifications are imposed] . They have concluded that the representation of the multicomponent adsorption equilibrium must be accurate to within 2% in order to obtain accurate simulation results. It is important that the data be accurately represented over the entire temperature, pressure and composition ranges of the cycle being simulated.
Taking a step back from the accurate representation of multicomponent equilibria, one must first obtain highly accurate data. Measurement of multicomponent adsorption equilibria is complicated and time consuming. The data usually have less accuracy than other phase equilibrium measurements, mainly because the adsorbed phase cannot be measured directly and therefore must be calculated from changes in the properties of the fluid phase. There are several experimental techiques for the measurement of multicomponent adsorption equilibria, but all suffer from a common problem: a large uncertainty in the measured loading of the less strongly adsorbed component.
Two multicomponent experimental techniques were implemented and compared in the research reported here. The system chosen for demonstration was oxygen/ nitrogen/5A-zeolite. Some multicomponent equilibrium data for this system have been reported in the litera-6 ture 4 -. The goal of our work was to investigate the procedures necessary to obtain a complete set of accurate multicomponent adsorption data. Toward this aim: I) extensive pure-component data were collected; 2) multicomponent data were collected in two different laboratories using two different techniques; 3) the pure and multicomponent data were collected at two temperatures and over wide ranges of composition and pressure, including high pressures; and 4) thermodynamic consistency tests were performed on all the data.
The purpose of this paper is to analyze techniques for measuring multicomponent adsorption equilibria, present useful methods for evaluating the resulting data, describe the trends of mUlticomponent adsorption equilibria, and finally, make available an evaluated set of adsorption equilibrium data for use in the development and testing of adsorption equilibrium models.
Experimental techniques
Commercial grade 5A-zeolite manufactured by the Tosoh Corporation (A-5 SA, PSA Air Separation) was used in all experiments. All samples were from the same lot of 8/ 10 mesh beads. The samples were regenerated by heating to 400°C at I "Cjmin under vacuum. All gases were ultra-high purity.
Pure-component isotherm data were collected using both standard gravimetric and volumetric techniques. Low pressure (0-101 kPa), pure-component data were collected on a Micromeritics ASAP 2000 automated volumetric adsorption apparatus. High pressure (50-1800 kPa), pure-component data were collected on a high pressure micro balance and a high pressure volumetric adsorption apparatus.
Binary measurements were performed at two different laboratories using two different techniques: a oncethrough, open system technique and a recirculating closed system technique. The amount of zeolite in each system was carefully chosen to minimize errors due to instrument limitations (e.g. pressure transducers). Purecomponent data and the ideal adsorbed solution theory (IASTf were used to size the systems. Dead volumes in both systems were minimized to increase accuracy.
Open system apparatus
In the open system technique a flow of a constant composition feed gas passes through the adsorbent bed at a controlled temperature and pressure. The exit flow rate and composition are recorded as functions of time. Using these data and the void volume of the adsorbent bed, the amount adsorbed and its composition can be calculated.
The major components of the open system used are illustrated in Figure 1 . The column void volume was 57.4 ± 0.1 ee, measured by both mercury displaeemen t and helium expansion. The sample size was 18.8869 ± 0.0003 g. The feed composition was controlled by the mass flow controllers. The composition of the feed gas was confirmed by GC analysis with the gas flowing through the bypass. The column temperature was controlled by an external water bath. The inlet gas temperature was equilibrated with the bath using a heat The pressure was controlled by the outlet mass flow controller (M4 in Figure 1 ). Pressures were measured with two different pressure transducers to maximize accuracy: 0-1035± 3 kPa and 0-102±0.3 kPa. The exit gas composition was measured by rapid sampling to a GC equipped with a thermal conductivity detector. Hydrogen carrier gas was used in the GC, since helium was used as a diluent for experiments in which a subatmospheric partial pressure of oxygen plus nitrogen was desired. The accuracy of the composition measurements was ±0.001 mole fraction.
Closed system apparatus
In the closed system technique a gas mixture of known initial composition is constantly circulated over the adsorbent bed in a closed loop. The system is illustrated in Figure 2 . The loop volumes in the adsorption section were accurately measured to within 0.1 cc by both mercury displacement and helium expansion. The sample loop and adsorbent bed were controlled to within ± 0.1 °C using external water baths. The gas mixture was prepared and characterized in the feed section. A GC using helium carrier gas and equipped with a thermal conductivity detector was used for all gas analyses. Gas compositions were measured with an accuracy of ± 0.00 I mole fraction . At the start of an experiment, a portion of the gas in the feed section was introduced into the circulation loop while the adsorbent bed was isolated. A pressure measurement was taken using a 0-667 ± I kPa MKS pressure transducer and the initial moles of each component present in the loop were calculated. The gas mixture was then circulated through the adsorbent bed in the closed loop over an extended period of 3 h; this was determined to be adequate to reach equilibrium since previous experiments had determined that equilibrium was reached within 1 h. Recirculation was then stopped and the final pressure measured. Finally, the adsorbent bed was isolated and the gas in the closed loop analyzed by Gc. Given these data, the amount and composition of the adsorbed phase could be calculated.
Open system -analysis
The primary advantage of the open system is the ability of the researcher to control the gas phase properties (pressure and composition) at equilibrium. A gas mixture of the desired final composition is passed over the adsorbent bed until equilibrium is reached. The open system material balance can be arranged to give the partial amount adsorbed of component i. The first term is the difference between inlet and outlet molar flows, or the amount of species retained in the system. The second term is the correction for gas phase accumulation (or depletion) in the void space. Figure 3 shows a typical time trace for amounts retained for an experiment in which oxygen is desorbed and nitrogen is adsorbed. Both traces end with flat lines, indicating that equilibrium has been established between the gas mixture and the adsorbent. The main disadvantage of the technique is the relatively poor accuracy. The experimental error can reach 10-15% primarily due to the uncertainty in the measurement of the exit flow rate. This measurement is very difficult because most mass flow meters respond to composItIOn as well as flow rate changes. In order to minimize this effect, we calibrated the flow meters for changes in composition. The inevitable variation in the total measured exit flow rate, however, has a pronounced effect on the accuracy. We used an experimental design in this work to continuously check the accuracy of results for the open system. It is based on the simple thermodynamic principle that the adsorbed phase properties do not depend on the path used to approach equilibrium. Experiments were performed in sets of several runs without regenerating the adsorbent between runs. Each set started and ended at the pure component ends of the phase diagram-points that could be verified on more established single component isotherm equipment (e.g. gravimetric or volumetric adsorption analyzers) . Theoretically, the integration of any surface property over an entire set of experimental runs (the addition of the partial amounts adsorbed for each step or run) must equal the difference in the adsorbed phase properties at the two pure-component endpoints; this follows because the surface properties are sta te functions. Adsorption reversibility is also checked with this approach since the partial pressures are varied without increasing the temperature. The departure from a perfect match is used to assess accuracy. An acceptable match with purecomponent data verifies the accuracy of the endpoints, which indicates that the intermediate points are likely to be accurate. The entire set of data is questionable if the match is unacceptable.
Results for one set of experiments are summarized in Table I . The total oxygen material balance is closed to within 0.007 mol/kg, or a mere 0.6% of the maximum oxygen amount (1.251 mol/ kg) adsorbed during the complete set of experiments. This is exceptional accuracy for binary adsorption measurements using the open system technique. The data in Table I are for the worst set measured in this study. The accuracies of the remaining eight sets of data measured and reported in this paper are better than that shown in Table J .
Closed system -analysis
The primary advantage of the closed system is the simplicity of the apparatus and operating procedures. It is only necessary to measure the cell free volume, the starting gas composition, pressure, and temperature, and the final gas composition, pressure, and temperature. The inaccuracies associated with flow measurement are avoided.
This method is similar to traditional single component volumetric methods, with gas phase composition being the only added measurement. The main disadvantage of the technique is the inability to control the final gas phase properties (composition and pressure) at equilibrium. Even though the necessary charge amount of each component for a set of target equilibrium conditions can be estimated using a predictive muiticomponent adsorption model such as lAST, the final conditions can never be exactly controlled and will be different from the target values. In fact, the measurements would be redundant if models such as lAST were capable of accurately predicting equilibrium! In general, the dosed system approach has better accuracy than the open system technique. The gas phase densities were calculated by the virial equation 8 , which is accurate to better than 0.1 % for the conditions of interest. Based upon reproducibility of the results, the uncertainty of the technique is typically 5% or 0.002 mol/kg, whichever is larger, for the partial loadings. The accuracy check explained above for the open system technique is not possible in the closed system. The pure-component endpoints cannot be reached in the closed system-an infinite number of pure-component additions are necessary to move a mixture equilibrium point to a pure-component point. Therefore, reproducibility and agreement with measurements made by a different technique are the only indicators of the accuracy of the data.
Experimental data
Equilibrium isotherms for pure nitrogen and oxygen were measured by the techniques described above. Measurements were carried out at two temperatures, 23°C and 45°C, and pressures from 10 to 1800 kPa. Very low pressure data are needed to obtain accurate measurement of the Henry's law slope. High pressure data are necessary for accurate calculation of the spreading pressure of the weakly adsorbed component (0 2 ). Both of these are required in order to use lAST for analysis and predictive purposes. The pure-component Table 5 . The common base point is 23°e, 916 kPa, and data are presen ted in Tables 2 and 3 for nitrogen and 20% O 2 in the gas phase. oxygen, respectively.
The uncertainties associated with the open system Binary equilibrium data were collected along three binary equilibrium data are indicated on Figures 6-12. planes: constant P-T, constant y-T, and constant y -P These uncertainties were calculated based upon propausing the open system. These data are presented in gation of error analysis 9 . The uncertainty envelopes Table 4 . Data along the constant y-T plane were also depict the largest expected random errors in the results; measured in the closed system . These are presented in they do not correspond to actual uncertainties. Reproducibility provides a better indication of actual uncertainties. It should be noted that it is not possible to exactly duplicate the gas phase properties, even in the open system , and thus some variation is expected. The repetition of experiments is summarized in Table 6 . The standard deviations of partial oxygen and nitrogen loadings are 0.021 and 0.027 mol/kg, respectively, based on the three points around the base case conditions. Unfortunately, these small errors correspond to 10.1 % and 1.6% of the measured values for oxygen and nitrogen, respectively. It is clear that the measurement of the less-sorbed component (oxygen in this case) is subject to relatively large errors.
Correlation of pure-gas data
The pure-gas data have been correlated using the virial isotherm model 10 .
The first virial coefficient (K) is related to the gas-solid interactions only, while the higher coefficients (B, C, D etc.) also include the effects of gas-gas interactions. The virial coefficients can be approximated by infinite series in inverse temperature.
Although the constants in the higher-order virial coefficients (b o , Co etc.) do not exist, they are included to compensate for the truncation of the infinite virial series after a finite number of terms. Equations (3)- (5) were used to regress all the isotherm data for a single gas simultaneously. One-step regression substantially improves the accuracy of the parameter regression, especially in the Henry's law region II .
The physical interpretations of the virial coefficients are strictly valid only for homogeneous adsorbents at low coverages. However, the virial model is very useful in representing pure-gas adsorption because of its mathematical flexibility . Parameter t-statistics were used to determine the number of inverse-temperature terms in Equations (4) and (5). The parameter values are listed in Table 7 . As can be seen in Figures 4 and 5 , the virial equation represents the isotherm data quite well.
It should be noted that, since the virial equation is "open-ended", there is no limit on the amount adsorbed as the pressure is increased. This can cause large errors if the virial equation is extrapolated beyond the range of the data. (This point is emphasized by the large uncertainties of the coefficients in Table 7 .) However, 
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within the temperature and pressure limits of the data, we have found the virial equation to be flexible, thermodynamically consistent, and a reliable way to calculate the Henry's law constant with good accuracy. Additionally, the Henry's law constants can be directly determined from data plotted in the virial domain in Figure 5 without any curve-fitting, as suggested by Barrer 12 . The virial representation of the pure-gas isotherms forms the basis of the IAST 7 predictions, and the thermodynamic consistency analysis presented later in this paper.
Discussion of data trends
Binary gas adsorption involves three degrees of freedom: pressure, temperature and gas composition. All three variations are important to the design of air separation units and have been studied in this work.
Effect of gas composition
Figures 6, 7 and 8 provide different views of the adsorption as a function of gas composition at the base temperature and pressure. These figures also present the maximum uncertainty of the experimental measurement and the lAST predictions. The lAST predictions serve as a thermodynamic test of the data consistency and as a potential method to predict the mixed-gas data. Figure 6 presents the total and partial amounts adsorbed. The lAST method somewhat under-predicts the total amount adsorbed, but the significance is questionable since the predictions are within the reproducibility of the data (3 -5%). It should be noted that the lAST prediction of the total loading is well within the maximum uncertainty of the data. lAST provides a good prediction of the adsorption of nitrogen, but a relatively poor description of the adsorption of oxygen. In general, lAST provides a good prediction of the strongly adsorbed component, but may not provide a good prediction of the weakly adsorbed component.
The x -y diagram (Figure 7) , although commonly used to display binary adsorption behavior, does not have enough sensitivity to discriminate between data and models at the accuracy levels necessary for plant design. The selectivity is a much more sensitive indicator of phase behavior, as indicated in Figure 8 . The selectivity is defined as follows: (6) The N 2 /0 2 selectivity increases from about 1.8 at the nitrogen-rich end to well in excess of 3 for compositions rich in oxygen. The lAST predictions are clearly too optimistic since they are outside the maximum errors of the data.
lAST serves a useful purpose in analyzing the thermodynamic consistency of the data. Thermodynamic consistency requires that the lAST predictions in Figure 8 cross the experimental data 13 . The trend of the data suggests that this cross will occur at high oxygen concentrations, but we have not measured data at high enough oxygen concentrations to confirm this.
Effect of pressure
The effect of pressure was studied at 23°C and about 21 % oxygen. Figure 9 presents total and partial oxygen
. §.
:L.2 .. Pressure (kPa) Figure 9 Total and partial amounts of N2 and O 2 adsorbed. Pressure variation at 23°C and 20% O 2 in the gas phase. Points are the experimental data, full lines are the lAST prediction, and the dashed lines depict the maximum uncertainty in the measured data The effect of pressure on selectivity is depicted in Figure 10 . As required by thermodynamic consistency, lAST and the binary data approach the same limiting selectivity of 5.2 at zero pressure; this limiting selectivity is the ratio of the Henry's law constants of N2 and O 2 , The lAST method predicts a far weaker drop in the selectivity than is experimentally observed. As with the composition variation, the selectivity diagram is an effective, sensitive way to present the trend of the phase behavior. Figure 10 presents the maximum uncertainty in the measured selectivity, which approaches infinity at zero pressure. The large uncertainty in the selectivity at low pressures (and at the pure-component limits) is inevitable in these experiments where the primary properties are the partial amounts adsorbed. A different experimental technique could be designed to measure selectivity directly, but then the uncertainty in the total amount adsorbed would become unacceptably large at low pressures and at the pure-component limit. On the positive side though, we note that it is not necessary to   3,-------------------------------- Temperature (C) Figure 11 Total and partial amounts of N2 and O 2 adsorbed. Temperature variation at 913 kPa and 20% O 2 in the gas phase. Points are the experimental data, full lines are the lAST prediction, and the dashed lines depict the maximum uncertainty in the measured data
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os: measure multicomponent data at very low pressures since the limiting behavior will approach Henry's law, which only requires pure-component measurements.
Effect of temperature
The impact of temperature IS seldom studied in the literature, but there are significant temperature variations in adsorption processes due to the heat of adsorption 2 . As can be seen in Figure 11 , a relatively small temperature change (20°C) will cause the total amount adsorbed to change by 25%. At the conditions studied (912 kPa and y(02) = 0.207), the effect of temperature on selectivity is small, as indicated in Figure 12 . However, we note that lAST provides a poor prediction of the selectivity.
Thermodynamic consistency analysis
As discussed above, multicomponent adsorption equilibrium measurements are extremely complicated and therefore more prone to error than equilibrium measurements of bulk phases. Thus, there is good reason to be skeptical about the accuracy of the derived results.
Fortunately, thermodynamic principles provide relations between the adsorbed phases that can be used to access the results. It should be noted that the thermodynamic tests only provide an internal consistency check among a set of pure and multicomponent data. They do not assure accuracy. However, consistency of a set of data increases confidence that the data are accurate. As outlined by Talu and Myers 13, there are numerous tests of thermodynamic consistency . We employed the following:
(1) At fixed temperature and pressure, the total amount adsorbed must equal the pure-component values at the composition end points . As Figure 6 indicates, this test is satisfied. (2) At fixed temperature and pressure, the x-y and selectivity curves of all thermodynamically consistent models must cross the experimental curves at least once. As discussed above, Figure 8 suggests that this test is satisfied. (3) The selectivity must approach the value determined by the Henry's law constants at zero pressure. Figure 10 indicates that this test is satisfied. (4) The spreading pressure is a state function, and thus the spreading pressure difference between any two conditions must be independent of the path between the two conditions. The Gibbs adsorption equation has been used to calculate the change in spreading pressure at constant pressure.
The integrations are performed over the closed paths illustrated in Figure 13 ; these are ABCDEA, ABCFA, and FCDEF I4 . The integrations over the line AFE are zero since the change in pressure (and hence the spreading pressure) is zero. The results of integration over these paths are summarized in Table 8 . The data are consistent as the relative differences are about 6% among the three paths.
Given large possible errors indicated by the propagation of error analysis, occasional "fliers" are likely. We found the last test to be extremely useful for screening
Gas Fr of Oxygen
Pressure (kPa) Figure 13 Schematic diagram of spreading pressure integrations 
Thermodynamic data analysis
An additional benefit of the spreading pressure integrations is that they provide a thermodynamic analysis of the system. The experimental values of the excess Gibbs free energy can be calculated from the spreading pressure by the following relations l4 :
The activity coefficients at the binary data points are presented in Table 9 . The variation of the activity ---------------- Table 9 Surface phase activity coefficients and excess Gibbs free energy calculated from experimental data
Gex /RT coefficients with composition is shown in Figure 14 . The system exhibits negative deviations from ideality. Negative deviations are generally linked to heterogeneity of the adsorbent l5 . Figure 14 indicates that the system is strongly nonideal; the infinite dilution activity coefficient of oxygen is about 0.5 . Figures 6 and 7 do not give an indication of the strong nonideality, but Figure 8 certainly does. This is another reason why selectivity diagrams are a preferred way to present adsorption equilibrium data. Figure 14 is highly asymmetric, but this is an artificial result since the gas phase composition has been used in the abscissa. As shown in Figure 15 , the excess Gibbs free energy is close to symmetric with respect to the surface composition.
The activity coefficients and excess Gibbs free energy are shown as a function of spreading pressure in Figure 16 . The temperature and gas composition are Figure 16 that the derivative of Gex with spreading pressure is not zero at the origin. In other words, the excess area of mixing is finite although G ex is zero. The reasons for this phenomena are thoroughly discussed by Talu et al. 16 .
Conclusions
The techniques presented in this paper provide methods to generate and analyze multicomponent adsorption equilibrium data. Both the open and closed methods were found to provide reasonably accurate data if care was taken in equipment design and data collection . Unfortunately, relatively high uncertainties in the loading of the less strongly adsorbed component (~5-20%) appear to be unavoidable. This is particularly true at low pressures and at both composition limits. We have found the thermodynamic consistency tests described above to be helpful in establishing the reliability of the data, and thus increasing confidence in its accuracy. Using data from both of these methods, we have produced a complete, evaluated set of data for a system 
